Introduction
Wine is an alcoholic beverage obtained from the fermentation of healthy, mature grapes that presents a number of health benefits. 1 The quality of wine depends on several factors, such as the concentration and nature of the organic acids, with an emphasis on tartaric, malic and lactic acids. [2] [3] [4] Malic acid is fundamental to provide the best wine flavor, aroma and biological stability. 5 A number of methods have been reported in the literature to determine and/or quantify malic acid in wine in order to verify its quality, such as fluorescence, 6 reaction enthalpy, 7 chromatography 2,3 and enzymatic reactions. 8, 9 The most common problems reported in these studies are high consumption of the reagents and the sample, and low specificity in the quantification reactions of malic acid. Flow analysis, which has the advantage of reducing consumption, and increasing the sampling rate and reproducibility, 10 coupled with the use of a solid-phase functionalized with L-malate dehydrogenase (L-MDH), which has specificity, is an effective method to determine malic acid in wine. The enzymatic determination of L-malic acid through the L-MDH enzyme occurs in the presence of the coenzyme NAD + . [11] [12] [13] However, the enzyme in solution increases the consumption of the reagents and the cost of the determination/quantification process.
An immobilized enzyme has the advantage of reuse, with a consequent cost reduction. Some studies have used this strategy employing FIA in fruit juices 14 and wines. 15 However there are disadvantages of the reagent and sample solutions high consumption and low sampling rate. This could be overcome by using a multicommuted flow concept 16, 17 in the management of individual solutions, this resulting in improving the ability to insert reagent solution slugs into the analytical path following an intermittent pattern, which affords a significant reduction of reagent consumption as well as waste generation and sampling throughput.
Here, we intend to describe the development of a multicommutated flow procedure for the spectrophotometric determination of malic acid in wines using an L-MDH enzyme immobilized on silica particles, synthesized according to a methodology proposed by Stöber.
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Experimental
Reagents, solutions and samples
All chemicals were of analytical reagent grade. All solutions were prepared with purified water obtained in a Milli-Q ® system (18.2 MΩ cm). A glycine buffer solution (Tp-gl) of pH 9.0 was prepared with 37.5 g of glycine and 1.0 g of ethylenediamintetraacetic acid (EDTA) in a 25 mL 2.0 mol L -1 sodium hydroxide solution. The solution was completed to 500 mL with water. A pH adjustment was carried out with a solution of 2.0 mol L -1 sodium hydroxide. A stock solution of 5 g L -1 L-malic acid (MA) was prepared by dissolving 0.250 g of this acid in a glycine buffer to a volume of 50 mL. Working solutions were obtained by diluting a stock solution into concentrations of 0.1, 0.25, 0.5, 0.75, 1.25, and 1.5 g L - 1 . A Nicotinamide adenine dinucleotide (NAD + This work describes an automated procedure to determine L-malic acid (MA) in wine samples using a multicommuted flow analysis. The MA quantification was based on an enzymatic reaction between MA and L-malate dehydrogenase (L-MDH) in the presence of nicotinamide adenine dinucleotide (NAD + ), producing nicotinamide adenine dinucleotide dehydrogenase (NADH), which was monitored at 340 nm. The L-MDH was immobilized on a surface of modified silica with amino groups in the presence of glutaraldehyde. For studying optimization, the system was maintained with 200 μL (288 U) of the L-MDH in 0.5 g of modified silica. Under the optimum experimental conditions, a linear response ranging from 0.1 to 1.5 g L -1 MA (R = 0.997 and n = 7), a detection (3σ criterion) and quantification (10σ criterion) limit estimated at 0.02 and 0.06 g L -1 , respectively, a standard deviation relative of 1.8% (n = 7) for a sample of 0.5 g L -1 MA, a sampling rate of 67 samples per hour were achieved. Analyzing ten wines samples and applying the t-test to the results found and those obtained using reference procedures (HPLC) provided no significant differences at the 95% confidence level.
Keywords Multicommutation, flow injections analysis, wine, malic acid, spectrophotometry prepared by dissolving 6.8 mg of the compound, using Tp-Gl as a solvent to a final volume of 25 mL. A 0.1 mol L -1 phosphate buffer solution was prepared by dissolving K2HPO4 and KH2PO4 in water by a pH adjustment carried out using KH2PO4 to obtain a pH of 7.0, in a volume of 100 mL. A glutaraldehyde solution was prepared by diluting 1 mL of the glutaraldehyde in 9 mL of phosphate buffer. Ten wine samples were purchased in the local market, consisting of dry and sweet red and white wines.
Apparatus
The flow system was composed of three micro-pumps (BIO-CHEM valves), two of them with 4 μL (P/N 030SP124 4TV-12VDC) and one with 10 μL (P/N 130SP1210 1TV-12 VDC). There was also a three-way solenoid valve (NResearch Inc.). The flow lines were made of PTFE ® tubing, 0.8 mm i.d. An Ocean Optics Spectrophotometer UV-VIS USB-4000 was used for detection, composed of a support cell of 1.0 cm, a quartz flow cell of the 1.0 cm optical way, and optical fibers of 200 and 400 μm. A lab-made electronic interface, based on a ULN 2803A integrated circuit, 19 was attached to that used to control the micro-pumps and a solenoid valve. Data acquisition was carried out using an Intel Pentium laptop equipped with an electronic interface USB-6008/6009 (National Instruments ® ) and a program written in Lab View (LabView ® 8.0) language. A reactor containing functionalized silica ( Fig. 1 ) was used as part of the flow system. The reactor was composed of two acrylic blocks (4.1 × 4.7 × 0.5 cm -width × height -thickness) (a), a central block (4.1 × 4.7 × 1.3 in -width × height -thickness) (b), two rubberized blocks (4.1 × 4.7 cm) (c) and screen of 200 silk threads (2 × 2 cm) (d). The central block (b) had a cavity with a capacity of 0.26 mL, which was filled and packed with functionalized silica.
Synthesis of Stöber silica (STB)
The synthesis was performed according to the methodology proposed by Stöber. 18 In a glass flask properly cleaned and dried, 25 mL of ethanol, 2 mL of tetraethylorthosilicate (TEOS) and 0.5 mL of ammonium hydroxide were mixed. The mixture was given an ultrasonic bath at 40 C for 2 h. The silica particles were partially dried, and more ethanol was added to the flask. This procedure was repeated five times, in order to remove residues of TEOS and ammonium hydroxide. In the last evaporation, the solvent was completely removed, and the silica was left in an oven at 100 C for 48 h. The silica particles were then characterized by infrared spectroscopy and scanning electron microscopy (SEM).
Enzyme immobilization on functionalized silica
In a flask, 100 mg of STB, 0.5 mL (2.8 mmoL) of 3-aminopropyltrimethoxysilane (APTS) and 10 mL of toluene were mixed. The mixture was kept to reflux for 72 h. The functionalized silica was washed with toluene and ethyl ether, and dried under a vacuum for 24 h at 60 C.
The immobilization procedure was performed as described by Massom and Townshend. 20 The functionalized silica was dispersed in 3 mL of 10% (w/v) glutaraldehyde solution under an argon atmosphere, for 30 min. The mixture was filtered and the solid phase was re-dispersed in 3 mL of a phosphate buffer. After 10 min, 200 μL (288 units) of L-MDH was added, and the mixture was gently stirred in an ice bath (0 -4 C) in an argon atmosphere for 1 h.
Flow system and procedure
A diagram of the flow system designed to implement the procedure for using the multicommutated approach to determine malic acid is shown in Fig. 1 . The time interval used to maintain switched ON/OFF micro-pumps P1, P2 and P3 was set at 0,1 s, providing the switching frequency was 5 Hz. Therefore, the micro-pumps P1 and P2 delivered 4 μL per stroke, respectively, and P3, 10 μL per stroke. The strategy used in the flow reactor consisted of forcing the flow upwards, in order for the silica particles to remain suspended and not to cause any blockage or back-pressure, a process known as a fluidized bed. 21 The multicommutated system was operated as described in Table 1 .
The operating sequence begins with filling of the analytical path using the P1, P2 and P3 micro-pumps in a sequence of 16 pulses for inserting the sample, reagent and carrier solutions, respectively. At this step, the solenoid valve (V1) remains switched ON to transport the excess sample, reagent and carrier solutions to waste.
In the sampling step, micro-pumps P1 and P2 were switched (ON/OFF) alternately for ten cycles, thereby inserting a string comprising three slugs of sample solutions in tandem with twelve slugs of NAD + solution, thus inserting 120 and 480 μL of sample and NAD + solution, respectively, into the reaction coil (B). Afterwards, the micro-pump P3 was switched ON/OFF several times to establish a stream to the carrier solution to displace the sample zone in the reactor containing enzyme immobilization on functionalized silica, causing a reaction that produced NADH displacement towards the detector at a flow rate of 50 μL s -1 , which was monitored at 340 nm. The signal generated by the spectrophotometer (Det) was read by the microcomputer through an electronic interface USB and stored as an .lvm file to allow further treatment. After the detection step, the sample solution was changed and a new cycle began with the introduction of 16 sample pulses using the P1 micro-pump, with the solenoid valve switched ON. At the end of the analysis, the reactor was disconnected from the system and filled with a phosphate buffer solution to restore the optimal pH of the enzyme, and then stored at temperatures of T < 0 C for later use.
The experiments described below were implemented to determine the best operational conditions concerning the sensitivity and precision using a glycine buffer solution (Tp-gl; pH 9.0) and a set of MA standard solutions with concentrations ranging from 0.1 to 1.5 g L -1 .
The micro-pumps delivered 4 μL per stroke, which required the experiments to find the ideal volume of the sample. Therefore, the volume of MA and NAD + solutions mixture were ascertained by varying the micro-pumps ON/OFF switching. To do this, the micro-pumps P1 and P2 were turned ON/OFF sequentially, while varying the pulse numbers from 1 to 10, and maintaining a volumetric ratio of 1:1 (v/v). Afterwards, a study of the volumetric ratio study was carried out, varying between 1:1 (v/v) and 1:5 (v/v). We used a 0.5 g L -1 MA solution and a 1.0 mmol L -1 NAD + solution as well as 10 sampling cycles for these studies. Employing the experimental conditions previously studied, we carried out a study of the sampling cycles from 5 to 15 and concentrations of NAD + ranging between 1.0 and 2.5 mmol L -1 . Once the best operating conditions were established, a set of ten wine samples were analyzed in order to prove the usefulness of the proposed system. A comparison of the procedure was performed using the HPLC method 22 in which the wines were diluted 1:10 (v/v) in the respective mobile phase.
Results and Discussion
General aspects
The reaction study consists of an indirect determination of MA in the presence of nicotinamide adenine dinucleotide (NAD + ), oxidized to oxalacetic acid in a reaction that was catalyzed by the L-MDH enzyme forming NADH, which has its absorption monitored at 340 nm. The quantity of NADH formed is proportional to the MA in the sample.
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For analyzing of the MA, the buffer solution was used according to Segundo and Rangel. 13 These authors conducted a pH study in the range of 9.0 to 10.0, suggesting that this range gave the best responses. Thus, based on this article the pH was fixed at 9.0 for the studies for optimizing the proposed system by exploring a multicommutation approach.
To evaluate the process and lifetime of the enzyme immobilized in the functionalized silica, experiments using a 1.0 g L -1 MA solution, a 0.5 g L -1 NAD + solution, 10 sampling pulses and a 1:1 (v/v) volumetric ratio was carried out. The obtained results demonstrate that the immobilized enzyme can be used for up to 4 days without loss of the catalytic activity.
To obtain the best results in the immobilization process, 500 mg of functionalized silica and 200 μL of enzyme were used, corresponding to 288 units. Before starting the tests, the temperature was adjusted to a maximum of 20 C. The reactor containing the immobilized enzyme was removed from the freezer 10 min before the analysis in order to stabilize at room temperature.
Characterization of functionalized silica
The functionalized silica by APTS and L-MDH appear in a white solid form, with amorphous characteristics. To evaluate the presence of functional groups characteristic of silica, infrared spectroscopy was used. One intense band could be observed at 1100 cm -1 , indicating the siloxane group (Si-O-Si). At 850 cm -1 , one narrow intense band indicated the silanol group (Si-OH). 20 Using the SEM, studies were carried out on the morphology, particle size and porosity of the synthesized silica. Using magnifications of 4500 and 5000 times, respectively, we were able to make estimates of the particle size and porosity of the synthesized silica (Fig. 2) .
From the SEM, at a magnification of 5000 times, it was possible to visualize the presence of pores, whose values ranged between 3.5 and 7.9 μm. The synthesized silica was very porous, optimizing the functionalization process due to its larger surface area, and consequently causing a greater probability of immobilization of the enzyme.
Effect of the sample volume
The effect of the sample volume on the analytical response was investigated at between 1 and 10 pulses using a 0.5 g L -1 MA reference solution, a 1 mmol L -1 NAD + solution, a stroke volume ratio of 1:1 (MA:NAD + ) and 10 sampling cycles. The analytical signal increased up to 5 pulses. The best response, however, corresponded to three pulses of solution; each was achieved when an increase occurred in the absorption with no excessive consumption of the solution of the reagents and the samples.
Effect of the volumetric ratio sample/NAD +
Because the volumetric ratio might affect the sensibility of the procedure, a set experiment was carried out in order to ascertain the optimum conditions. This assay was carried out by switching ON/OFF micro-pumps P1 three times and micro-pumping P2 three, six, nine, twelve, and fifteen times to comprise each sampling cycle, for a total of 10 cycles. Slugs of the NAD + solutions with volumes of 120, 240, 360, 480 and 600 μL were inserted and the volume of the sample slugs was maintained at 120 μL, corresponding to a 1:1, 1:2, 1:3, 1:4 and 1:5 (v/v) volumetric ratio sample/NAD + , yielding the results shown in Fig. 3 . As can be seen, when NAD + solution slugs of 360 and 480 μL were used, the analytical signal showed an increase of 58 and 153%, respectively, when compared to using a slug volume of 120 μL. When a slug volume of 600 μL was used, the analytical response decreased significantly. This occurred possibly due to dilution of the sample volume in relation to excess NAD + solution added.
Effect of the reaction coil length and sampling cycles
The results discussed above were obtained using a 100-cm reaction coil and 10 sampling cycles. Because the dimension of the reaction coil may affect the sensitivity and the sampling rate, an assay was performed by varying the length of the coil from 20 to 200 cm. The analytical signal slightly decreased in reaction coils higher than 100 cm. We could suppose that the decrease in the signal was caused by a dispersion effect, which increased with the length of the reaction coil. Therefore, the best result based on the magnitude of the analytical signal was achieved with a 100 cm reaction coil. Considering that the volume of the sample zone might affect the analytical signal, additional experiments were carried out. The volume sample zone was increased from 300 to 1200 μL by varying the number of sampling cycles from 5 to 20; as expected, the analytical signal was higher for a higher the sampling zone volume.
Nevertheless, when the number of sampling cycles was higher than 10, no significant increase in the signal was observed, thus indicating that the system attained a steady-state condition. In this case, the inserted volumes of sample (MA) and NAD + solutions 120 and 480 μL were selected, respectively.
Effect of the NAD + concentration
The effect of the NAD + concentration on the magnitude of the signal was studied using conditions previously established: a concentration of 0.5 g L -1 MA solution maintained at a constant value and NAD + solutions with concentrations ranging from 1.0 to 2.5 mmol L -1 , yielding the results shown in Fig. 4 . As we can see, the monitored analytical signal increased as the concentration of NAD + increased. For absorbance above 1.5 mmol L -1 , a significant increase in the analytical response was not observed. Given the obtained results, a concentration of the NAD + solution of 1.5 mmol L -1 was established. 
Proposed procedure performance
The assays previously described were carried out in order to select the working variables, which are summarized in Table 2 . To verify the performance of the proposed procedure, a set of MA standard solutions were processed using these variables, yielding the results summarized in Table 3 . The linear response was observed for MA concentrations at between 0.1 and 1.5 g L -1 , described by the equation A = (0.080 ± 0.002) + (0.043 ± 0.002) C, R = 0.997, where A = absorbance and C = concentration in g L -1 . The limit of detection and quantification were estimated at 0.02 and 0.06 g L -1 , considering the 3 and 10 σ criterions, respectively. The relative standard deviation of 1.8% (n = 7) was estimated by processing a standard solution containing 5.0 g L -1 MA. Continuing to analyze the results given this table, we observed the benefits of adopting the proposed procedure, including a larger sampling throughput (3.3-fold largest) and a smaller amount of NAD + consumption, about 30% lower than what has been reported in the literature, 12, 13 leading to a significant reduction in the costs of analyzing L-malic acid. These features could be considered to be indicative of the feasibility of the proposed system.
Comparison results
Once the optimal operational conditions had been established (Table 2 ), a set of wine samples were analyzed in order to test the usefulness of the proposed procedure. The HPLC reference method 22 was also used to test the accuracy of the assessment samples, yielding the results given in Table 4 .
When the paired t-test between results at the 95% confidence level was applied, the calculated value was t = 1.882, while the theoretical value is t = 2.262, indicating that there is no statistically significant difference between the results.
Conclusions
The multicommutated flow system was successfully applied to determine the MA in wine without any significant differences when compared with the HPLC reference method. The immobilization process ensured the activity of the enzyme for up to four days. Also, the increase of the sampling rate and lower consumption of NAD + led to a decrease in the analysis costs, principally in relation to other methods that use flow FIA and SIA.
We consider the overall performance, including the equipment and setup control software, the proposed procedure is simple, fast and easy to operate, with the additional advantage of being robust and consuming little of the reagent.
With the proposed multicommuted flow approach, the determinations of L-lactate and D-malic acid employing L-LDH and D-MDH immobilized enzyme are viable since it replaces the immobilized enzyme L-MDH in the reactor.
